Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to analyze the lipopolysaccharides isolated from strains of Aeromonas hydrophila which exhibit virulence for fish and which autoaggregate during growth in static broth culture. The lipopolysaccharides contained O-polysaccharide chains of homogeneous chain length. Two of the strains produced a surface protein array, and immunofluorescence and phage-binding studies revealed that a number of these O-polysaccharide chains of homogeneous length traversed the protein array and were exposed on the cell surface. Immunochemical analyses by immunoblotting, enzyme-linked immunosorbent assay, immunofluorescence, and immunoprecipitation with both polyclonal and monoclonal antibodies revealed the presence of three epitopes on the polysaccharide moiety of this homogenous-chainlength lipopolysaccharide morphotype. One epitope was species serogroup specific and reactive by immunoblotting. This epitope was not present on the heterogeneous-chain-length 0 polysaccharides of nonautoaggregating strains of A. hydrophila examined. The second epitope was conformation dependent and cross-reactive with an epitope on the homogenous-chain-length 0 polysaccharides of Aeromonas salmonicida lipopolysaccharide. The third epitope was recognized by a monoclonal antibody and appeared to involve that region of the A. hydrophila and A. salmonicida lipopolysaccharide molecules which contained the 0-polysaccharide-core oligosaccharide glycosidic linkage.
In this paper we report that the LPSs of the group of A. hydrophila strains with enhanced virulence for salmonids and of a number of other autoaggregating strains display distinctive morphological and antigenic properties. The LPSs of these virulent A. hydrophila, like those of A. salmonicida, contain O-polysaccharide antigens which are of very similar chain length, and in two strains this distinct * Corresponding author.
O-polysaccharide morphology was associated with the production of a surface protein array. These constant-chainlength O-polysaccharides are strongly immunogenic and carry a serogroup-specific epitope, an epitope cross-reactive with an epitope on the homogeneous-chain-length 0 polysaccharide of A. salmonicida, and a binding site for an A. salmonicida bacteriophage. The polysaccharide moiety of the LPS of both species also carries a third epitope which binds a monoclonal antibody (MAb) raised to A. salmonicida LPS.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . Stock cultures were maintained at -70°C in 15% (vol/vol) glycerol-tryptic soy broth (GIBCO Diagnostics, Madison, Wisconsin). Cultures were grown on tryptic soy agar (GIBCO) at 20 or 37°C for A. hydrophila strains and at 20°C for A. salmonicida. Salmonella typhimurium LT2 was also grown on tryptic soy agar at 37°C.
For LPS purification, A. hydrophila LL1 (SJ-44) and A. salmonicida A438 (SJ14) were cultured in tryptic soy broth at 25°C with heavy aeration in a 25-liter fermentor (New Brunswick Scientific Co., Inc., Edison, N.J.). The 2.5-liter inoculum for the final culture had itself been inoculated with 250 ml of a seeded inoculum. Inocula were grown for 10 h, and the final broth was grown for 18 h (A. salmonicida) or 24 h (A. hydrophila). The cells were killed with 0.3% (vol/vol) formaldehyde (18 h), collected by continuous centrifugation, and lyophilized. A. hydrophila TF7 was grown on tryptic soy agar at 37°C for 18 h.
Extraction of LPS. Freeze-dried cells were extracted by the aqueous phenol method of Westphal et al. (17) with two re-extractions of the combined phenol layer and cell debris. The aqueous layer and washings were combined and dialyzed for 48 h against cold tap water. The dialysate was (7) . Outer membrane (50 ,ug) or whole cell mass (100 jig), solubilized in sample buffer, was stacked in 4.5% acrylamide (10 mA) and separated with 12.5% acrylamide (20 mA).
Silver staining of LPS. The LPS morphology in whole-cell lysates, outer membrane preparations, or purified LPS was determined by a modification of the procedure of Hitchcock and Brown (4) . Cells were boiled in SDS-PAGE solubilization buffer for 5 min and subsequently digested with proteinase K at 600C for 1 h with a ratio of 10 mg of bacterial cells to 1 mg of proteinase K. Cells (5 ,ug of original sample) or purified LPS samples (0.1 to 0.5 ,ug) were normally loaded onto each lane of SDS-PAGE gels. After electrophoresis, gels were stained for LPS by the silver staining procedure of Tsai and Frasch (16) .
Re-electrophoresis of LPS. Following an initial SDS-PAGE separation with duplicate gels, one gel was fixed and rapidly silver stained for LPS. The duplicate unfixed gel was aligned with the stained gel, and areas containing the bands of interest were excised from the unfixed gel and placed in the wells of a fresh gel. After the addition of 20 pi of SDS-PAGE solubilization buffer, the samples were subjected to electrophoresis, and the gel was silver stained for LPS.
Polyclonal antisera. Adult New Zealand White rabbits were immunized with 50 jxg of phenol-extracted LPS in Freund complete adjuvant. Identical booster doses were given 14 and 28 days after initial immunization. On day 42, the rabbits were bled, and the serum was either collected and stored at -20°C in 100-jil aliquots or lyophilized. Preimmune sera were used as control sera.
MAb to A. salmonicida LPS. MAb iiQ5 to A. salmonicida LPS was prepared as previously described (1, 12) and was used as a component of mouse ascites fluid.
Absorption of antisera. Cells were grown overnight on tryptic soy agar and harvested into cold (4°C) phosphatebuffered saline (pH 7.4). The cells were washed twice at 12,000 x g with phosphate-buffered saline, 10 mg of the cell pellet was suspended in 1 ml of antiserum, and the suspension was incubated at room temperature for 2 h. The cells were removed, fresh cells were added, and the incubation was repeated. The cells were finally removed by centrifugation at 12,000 x g for 10 min. Phenylmethylsulfonyl fluoride was added to a final concentration of 200 pLg/ml.
ELISA. The enzyme-linked immunosorbent assay (ELISA) procedure was essentially that of Engvall and Perlmann (2) . Antigens were tested, in triplicate, at 3 ,ug per well, and the developing anti6ody was alkaline phosphataseconjugated goat anti-rabbit or anti-mouse immunoglobulin (Sigma Chemical Co., St. Louis, Mo.).
Immunofluorescence. Indirect immunofluorescence antibody technique (IFAT) assays (1) with living cells employed MAb iiC5 to A. salmonicida LPS and goat anti-rabbit or anti-mouse globulin conjugated to fluorescein isothiocyanate (GIBCO).
Immunoblot detection of LPS. After SDS-PAGE, separated LPS components were transferred from the slab gel to nitrocellplose paper (NCr, pore size, 0.45 ium) by the methanol-Tris glycine system described by Towbin et al. The bacterial strains to be tested were grown to a density of 108 viable cells per ml in tryptic soy broth. To measure phage adsorption, 0.1 ml of a phage 55R-1 suspension (about 2 x i04 PFU) was mixed with 8 ml of bacterial suspension. A control consisting of phage 55R-1 in 8 ml of tryptic soy broth was also prepared, and the suspensions were incubated at room temperature (about 22°C). After 1 h of incubation, samples (1 ml) were taken, and the bacteria and adsorbed phage were removed by centrifugation at 12,000 x g for 5 min at 4°C. One drop of chloroform was added to the supernatant, and unadsorbed phage was assayed on A. salmonicida A440 by the agar overlay method as previously described (5) . RESULTS Electrophoretic analysis of LPS. The structural morphology of A. hydrophila LPS was analyzed by SDS-PAGE. The strains initially chosen for analysis included six members of the enhanced-virulence group isolated from both diseased fish and diseased homeothermic-animal tissues as well as a range of additional strains from quite diverse sources including human feces. The electrophoretogram of the highvirulence group (Fig. 1, lanes 1 through 8) chains of this group of A. hydrophila appeared to be shorter than those of A. salmonicida (Fig. 1, lanes 16 and 18) . Eight other A. hydrophila strains which were autoaggregating when grown in static broth culture also provided SDS-PAGE profiles characteristic of LPS with homogeneous 0-polysaccharide chain length. In two of these strains (Ah423 and Ah598), the electrophoretic mobility was identical to that shown by the high-virulence group (data not shown); in one case (strain 220), the 0 polysaccharides showed longer chains; and in the other cases (Ah274 [Fig. 1 The LPSs of 11 other strains of A. hydrophila examined contained 0 polysaccharides of heterogeneous chain length. The results from five of these strains are shown in Fig. 1 , lanes 9 through 13, and each strain displayed a distinctive electrophoretic profile. Another strain (Ah65) appeared to Jack 0-polysaccharide chains altogether, providing an electrophoretic profile (Fig. 1, lane 15 ) similar to that of the core oligosaccharide mutant of A. salmonicida (strain A449-3R [ Fig. 1, lane 17] ).
Polyclonal antibody analysis of LPS. The antigenic crossreactivity between the morphologically homogenous-chainlength LPS of A. hydrophila was first examined by immunoblotting, The presence of a serodeterminant common to the O polysaccharide of this group of A. hydrophila was revealed when polyclonal antiserum prepared to A. hydrophila TF7 LPS gave a strong signal with the homogeneous 0-polysaccharide fraction of all strains of the high-virulence group (Fig. 3A) and with strains Ah598 and Ah427 (Fig. 3B,   lanes 5 and 6) . The different-chain-length homogeneous 0 polysaccharides of strain Ah274 (Fig. 3B, lane 4) and strains 220, 355, and 810 (Fig. 3B, lanes 9, 11, and 12 ) also reacted with this antiserum. No reaction was obtained with the LPS of strain 688 or 484 (Fig. 3B, lanes 8 and 10, respectively) Since antibody reaction with conformation-dependent epitopes may not be seen after SDS-PAGE by the immunoblot technique, the antigenic cross-reactivity between the homogeneous-chain-length 0 polysaccharides of A. hydrophila and A. salmonicida was then examined by ELISA. The extent of the cross-reactivity can be seen in Fig. 4 . While the homologous LPS antigen-polyclonal antiserum reaction was strongest, polyclonal antiserum raised to A. salmonicida A438 LPS clearly bound to A. hydrophila TF7 LPS (Fig. 4A) , and polyclonal antiserum raised to A. hydrophila TF7 LPS clearly bound to A. salmonicida A438 LPS (Fig. 4B) . The two LPSs were also antigenically crossreactive in immunoprecipitation experiments. Polyclonal antiserum raised to A. salmonicida A438 LPS was able to immunoprecipiate A. hydrophila TF7 LPS (Fig. 5, lane 2) and A. salmonicida A438 LPS (Fig. 5, lane 4) . Similarly, antiserum raised in rabbits to A. hydrophila TF7 LPS immunoprecipitated both the TF7 and A438 LPSs (data not shown).
To confirm that the homogeneous-chain-length LPSs of A. hydrophila TF7 and A. salmonicida A438 carried crossreactive determinants, as well as a species-specific immunoblottable determinant, absorption experiments were performed. With both polyclonal anti-LPS sera, cells of the homologous strain absorbed antibodies to homologous and heterologous LPS ( MAb analysis of LPS. MAb iiC5, which had previously been shown to bind to a conformation-dependent epitope on the polysaccharide of A. salmonicida LPS (1) , was also used to probe the antigenic cross-reactivity of A. hydrophila TF7 and A. salmonicida A438 LPS. MAb iiC5 did bind to both species of LPS in ELISA experiments (Fig. 4) , and this result was confirmed by immunoprecipitation assay (Fig. 5 , lanes 5 and 6). Since parallel studies had shown that A. hydrophila TF7 cells produce a surface protein array, the ability of TF7 cells to bind MAb iiC5 was examined by IFAT to determine whether the polysaccharide chains of the LPS penetrated to the external surface of the protein array. Surprisingly, MAb iiC5 did not provide a positive IFAT reaction with TF7 or LL1 cells, but did so with A-layerproducing cells of A. salmonicida. Control assays with polyclonal antiserum to the LPS of strain TF7 gave a positive IFAT reaction with TF7 and LL1 cells, indicating that LPS antigenic determinants did penetrate the surface array and were exposed on the cell surface. This result suggested that the epitope for MAb iiC5 was masked by the protein array on strains TF7 and LL1 and further implied that the epitope for this MAb was not carried by the O-polysaccharide repeat unit per se, but involved some other portion of the LPS molecule. Since transposoninduced A-layer-deficient (A-) and O-polysaccharidedeficient mutants of A. salmonicida were available, immunofluorescence assays were performed to provide further information on the location of the epitope for MAb iiC5. The LPSs of A-mutants A449-TM4 and A449-TM5 lacked O-polysaccharide chains but contained a lipid-A-core oligosaccharide fraction with unaltered electrophoretic mobility (Fig. 6, lanes 2 and 3) , suggesting that the core oligosaccharide of these mutants is unaltered. Both mutants gave a negative IFAT reaction with MAb iiC5, as did the phageresistant core oligosaccharide A-mutant A449-3R (Fig. 6,  lane 1) , indicating that the determinant for this MAb was not carried by the core oligosaccharide itself, but suggesting that the epitope for MAb iiC5 involved that portion of the LPS molecule carrying the O-polysaccharide-core oligosaccharide linkage.
Adsorption of bacteriophage. The structural and steric similarities between the homogeneous-chain-length 0 polysaccharides of A. hydrophila and A. salmonicida LPSs was next investigated with bacteriophage 55R-1, which has been shown to utilize A. salmonicida 0 polysaccharide as a receptor (5) . Phage 55R-1 bound to cells of A. hydrophila TF7 and A80-160 and A. salmonicida A449 (Table 3) , but failed to bind to the heterologous-chain-length 0-polysaccharide-bearing cells of A. hydrophila Ba5 and Ah427 or to the control O-polysaccharide-deficient cells of A. salmonicida A449-3R. This ability of TF7 cells to bind bacteriophage 55R-1 confirmed that some 0 polysaccharide penetrated to the exterior surface of the protein array.
DISCUSSION
This study has shown that a group of strains of A. hydrophila which was first identified because of its enhanced ability to produce disease and by its autoaggregating growth characteristics produces an LPS with O-polysaccharide chains of homogeneous length. Other autoaggregating strains of A. hydrophila from diverse sources, including human isolates, also produced an LPS with 0 polysaccharides of homogeneous chain length. In the majority of autoaggregating strains examined, the chain length appeared to be very similar, and preliminary sizing experiments indicate this length to be approximately 10 repeat units (Shaw, unpublished data to the LPS of A. hydrophila LL1 and TF7 showed that this 0-polysaccharide structure contains a serogroup-specific epitope. This serogroup comprises a diverse range of A. hydrophila strains, all producing an LPS with 0 polysaccharides of homogeneous chain length. The epitope was not detected on the heterogeneous-chain-length 0-polysaccharides of the other strains of A. hydrophila tested or on A. salmonicida A438 LPS.
The 0-polysaccharide structures of A. hydrophila LL1 and TF7 were also shown to carry an additional epitope which displayed antigenic cross-reactivity with an epitope on the 0 polysaccharide of A. salmonicida A438. Therefore, polyclonal antisera prepared to the LPS of A. hydrophila TF7 contained antibodies which were bound by both A. hydrophila TF7 and A. salmonicida A438 cells, and antisera prepared to the LPS of A. salmonicida A438 contained antibodies which were bound by the cells of both species. This shared determinant was not reactive by immunoblotting but was reactive in ELISA and immunoprecipitation assays. Both 0 polysaccharides also carried a spatial grouping recognized by bacteriophage 55R-1. As the repeating unit of the A. salmonicida 0 chain (13) In summary, electrophoretic analysis of LPS in whole-cell lysates has shown that while many strains of the species A. hydrophila produce an LPS with O-polysaccharide chains of heterogeneous lengths, as demonstrated by electrophoretic profiles, one group of strains isolated from a variety of clinical sources displayed an LPS with 0 polysaccharides of homogeneous chain length. Two of these strains also produced a surface protein array, and in these cases, 0-polysaccharide chains were shown to traverse the protein array. Antigenic analysis revealed that the polysaccharide moiety of the LPS of this group of A. hydrophila strains carried three antigenic determinants. One of these determinants was species serogroup-specific and reactive by immunoblotting. The second determinant was conformation dependent and cross-reactive with an epitope on the homogeneous chain length 0 polysaccharide of A. salmonicida LPS. Both polysaccharides also carried a binding site for an A. salmonicida bacteriophage. The third epitope on the polysaccharide of both A. hydrophila and A. salmonicida LPSs was recognized by MAb iiC5, was conformation dependent, and appeared to involve that region of the LPS molecule bearing the O-polysaccharide-core oligosaccharide glycosidic linkage. In the case of surface array-producing strains of A. hydrophila, this epitope was masked by the protein array.
